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ABSTRACT
We report deep Chandra, HST and VLA observations of the binary neutron star event GW170817 at t < 160
d after merger. These observations show that GW170817 has been steadily brightening with time and might
have now reached its peak, and constrain the emission process as non-thermal synchrotron emission where the
cooling frequency νc is above the X-ray band and the synchrotron frequency νm is below the radio band. The
very simple power-law spectrum extending for eight orders of magnitude in frequency enables the most precise
measurement of the index p of the distribution of non-thermal relativistic electrons N(γ) ∝ γ−p accelerated
by a shock launched by a NS-NS merger to date. We find p = 2.17± 0.01, which indicates that radiation
from ejecta with Γ ∼ 3− 10 dominates the observed emission. While constraining the nature of the emission
process, these observations do not constrain the nature of the relativistic ejecta. We employ simulations of
explosive outflows launched in NS ejecta clouds to show that the spectral and temporal evolution of the non-
thermal emission from GW170817 is consistent with both emission from radially stratified quasi-spherical
ejecta traveling at mildly relativistic speeds, and emission from off-axis collimated ejecta characterized by a
narrow cone of ultra-relativistic material with slower wings extending to larger angles. In the latter scenario,
GW170817 harbored a normal SGRB directed away from our line of sight. Observations at t ≤ 200 days are
unlikely to settle the debate as in both scenarios the observed emission is effectively dominated by radiation
from mildly relativistic material.
Subject headings: GW
1. INTRODUCTION
The joint discovery of gravitational waves (Abbott et al.
2017) and photons from the first binary neutron star (BNS)
merger event GW170817 established that gravitational-wave
detected BNS mergers can be accompanied by detectable
emission across the electromagnetic spectrum, including γ-
rays (Goldstein et al. 2017; Savchenko et al. 2017). During
the first∼ 15 days the spectrum consisted of a combination of
thermal emission powered by the radioactive decay of heavy
elements freshly synthesized in the merger ejecta (i.e. the
kilonova emission, KN; Metzger 2017; Chornock et al. 2017;
Coulter et al. 2017; Cowperthwaite et al. 2017; Drout et al.
2017; Kasliwal et al. 2017; Nicholl et al. 2017; Pian et al.
2017; Smartt et al. 2017; Soares-Santos et al. 2017; Tanvir
et al. 2017; Valenti et al. 2017; Villar et al. 2017) and non-
thermal synchrotron emission dominating in the X-rays and
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radio bands (Alexander et al. 2017; Haggard et al. 2017; Hal-
linan et al. 2017; Margutti et al. 2017a; Troja et al. 2017b).
The thermal component later subsided. During ∼ 160 days of
intense monitoring, the non-thermal emission brightened with
time (Mooley et al. 2017; Ruan et al. 2017; Margutti et al.
2017; Troja et al. 2017a, 2018) and might have now reached
its peak as we show below (see also D’Avanzo et al. 2018;
Troja & Piro 2018). The most pressing question regards the
intrinsic nature of GW170817.
A first possibility is that GW170817 is an intrinsically
sub-luminous event with total gamma-ray energy released
Eγ,iso ∼ 6× 1046 erg. As a comparison, classical cosmologi-
cal Short Gamma-Ray Bursts (SGRBs) typically have Eγ,iso∼
1050 − 1052 erg (Fong et al. 2015; Berger 2014). In this sce-
nario, GW170817 did not produce a successful collimated
relativistic outflow (i.e. no observer in the Universe observed
a classical SGRB in association with GW170817), the emis-
sion from GW170817 is quasi-spherical and powered by en-
ergy deposited by the interaction of the unsuccessful jet with
the BNS ejecta (Gottlieb et al. 2017). The simplest incarna-
tion of this model (i.e. the uniform fireball) fails to reproduce
current observations, but a more complex version with highly
stratified ejecta with energy E(> Γβ)∝ (Γβ)−5 (where Γβ in
this context is the specific momentum of the outflow) success-
fully accounts for the observed properties of GW170817. This
model was favored by Gottlieb et al. (2018); Hallinan et al.
(2017); Kasliwal et al. (2017); Mooley et al. (2017); Nakar &
Piran (2018).
Here we present deep radio, optical and X-ray observations
of GW170817 ∼ 110 − 160 d after merger (Sec. 2) and of-
fer an alternative interpretation. We employ hydrodynami-
cal simulations of the jet interaction with the BNS ejecta to
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TABLE 1
X-RAY SPECTRAL PARAMETERS AND INFERRED FLUX RANGES (1σ C.L.). UPPER LIMITS ARE
PROVIDED AT THE 3σ C.L.
Obs ID Time since merger Γ Flux (0.3-10 keV) Unabsorbed Flux (0.3-10 keV)
(days) (10−15ergs−1cm−2) (10−15ergs−1cm−2)
18955 2.34 1.4 < 1.8a < 1.9a
19294 9.21 0.95+0.95−0.19 (4.2−9.3)b (4.4−9.6)b
1.4+0.9−0.1 (2.7−6.8)d (2.9−7.3)d
20728 15.39 1.6+1.5−0.1 (3.0−5.6)c (3.1−5.8)c
1.4+0.9−0.1 (3.7−7.3)d (4.0−7.8)d
18988 15.94 1.4 (3.8−7.5)e (4.1−8.0)e
20860/1 109.39 1.62+0.16−0.16 (20.−25.)b (22.−28.)b
20936/7/8/9-20945 158.50 1.61+0.17−0.17 (22.−27.)b (24.−29.)b
NOTE. — a 0.5-8 keV count-rate upper limit of 1.2×10−4 cps from Margutti et al. (2017a), with updated
flux calibration performed with an absorbed power-law model with Γ = 1.4 as inferred from our joint fit of
the CXO observations with IDs 19294 and 20728. b This work.
c From Margutti et al. (2017a).
d From a joint spectral fit of CXO observations, IDs 19294 and 20728. This work.
e Flux from Haggard et al. (2017) re-scaled to the Γ = 1.4 spectrum. This work.
show that a core of ultra-relativistic material can successfully
break through the closest environment and power a classi-
cal SGRB in association with GW170817, in agreement with
the recent results by Lazzati et al. (2017a,c). We further
demonstrate in Sec. 3 that the very simple power-law spec-
trum extending for eight orders of magnitude in frequency
allows a precise measure of the properties of electrons accel-
erated at the shock front. In particular it enables inferences
on the slope of the non-thermal tail of accelerated particles
from which we derive robust constraints on the shock veloc-
ity which are independent from the morphology of the out-
flow (collimated vs. spherical). We demonstrate that all these
properties are consistent with a SGRB-like outflow originally
directed away from our line of sight (Sec. 3). In this scenario
GW170817 is not intrinsically subluminous and its unusual
observed properties result from a different viewing angle than
classical SGRBs, which are viewed along the jet axis. We
conclude in Sec. 4.
We assume that all electrons are shock accelerated to a
power-law energy distribution N(γ)∝ γ−p, i.e. ξN = 1, which
is the standard assumption in GRB studies. If only a fraction
of electrons ξN < 1 is accelerated into the non-thermal tail,
the inferred density should be re-scaled as n/ξN . We adopt
the convention Fν ∝ ν−β and Γ = β + 1, where β is the spec-
tral index and Γ is the photon index. We assume a distance to
NGC 4993 of 39.5 Mpc (z = 0.00973) as listed in the NASA
Extragalactic Database. 1σ c.l. uncertainties are listed unless
otherwise stated. In this manuscript we employ the notation
Qx ≡ Q/10x.
2. OBSERVATIONS AND DATA ANALYSIS
2.1. Chandra X-ray Observations
We observed GW170817 with the Chandra X-ray Obser-
vatory (CXO) on 2017 August 19.71UT, δt ≈ 2.3d after
the GW trigger (observation ID 18955; PI: Fong; Program
18400052), leading to a deep X-ray non-detection with Lx <
3.2×1038 ergs−1 (Margutti et al. 2017a) that sets GW170817
apart from all previous SGRBs seen on-axis (Fong et al.
2017). Further CXO observations obtained at δt ≈ 9d (Troja
et al. 2017b, observation ID 19294; PI: Troja; Program
18500489) and δt ≈ 15d (Haggard et al. 2017; Margutti et al.
2017a; Troja et al. 2017b, observation IDs 18988, 20728; PIs:
Haggard, Troja; Programs 18400410,18508587) since merger
revealed X-ray emission at the location of GW170817 with
rising temporal behavior.
We independently re-analyzed the CXO observations ac-
quired δt ≈ 9d post-merger (ID 19294) and originally pre-
sented in Troja et al. (2017b). Chandra ACIS-S data have
been reduced with the CIAO software package (v4.9) and rel-
ative calibration files, applying standard ACIS data filtering
as in Margutti et al. 2017a. Using wavdetect we find that
an X-ray source is clearly detected with significance of 5.8σ
at the location of the optical counterpart of GW170817. The
inferred count-rate in the 0.5-8 keV energy range is (2.9±
0.8)×10−4 cs−1 (exposure time of 49.4 ks), consistent with the
results from Troja et al. (2017b). We employ Cash statistics
to fit the spectrum. We adopt an absorbed power-law spectral
model with index Γ and Galactic neutral hydrogen column
density NHmw = 0.0784×1022 cm−2 (Kalberla et al. 2005) and
use MCMC sampling to constrain the spectral parameters.
We find Γ = 0.95+0.95−0.19. We find no statistical evidence for in-
trinsic neutral hydrogen absorption and place a limit NHint <
7× 1022 cm−2 (3σ c.l.). For these parameters the 0.3-10 keV
flux is (4.2−9.3)×10−15 ergs−1cm−2 (1σ c.l.), corresponding
to an unabsorbed flux of (4.4−9.6)×10−15 ergs−1cm−2.
Comparison with the X-ray spectrum of GW170817 at δt ≈
15d (ID 20728) that we presented in Margutti et al. 2017a in-
dicates a possibly harder emission at early times (Γ = 0.95+0.95−0.19
at δt ≈ 9d vs. Γ = 1.6+1.5−0.1 at δt ≈ 15d). While we find this
possibility intriguing, the limited number statistics of the two
spectra does not allow us to draw conclusions as the two Γ val-
ues are statistically consistent. A joint spectral fit of the two
epochs indicates Γ = 1.4+0.9−0.1 (1σ c.l.) with a 3σ upper limit
NHint < 2.7× 1022 cm−2. The corresponding flux ranges are
reported in Table 1. Our results from the joint fit are broadly
consistent with the findings from Troja et al. (2017b).
Deep X-ray observations of GW170817 have been ob-
tained as soon as the source re-emerged from Sun con-
straint (PI Wilkes, observation IDs 20860, 20861; Program
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TABLE 2
VLA OBSERVATIONS OF GW170817.
Time since merger Mean Freq Freq Range On-source Flux Density
(days) (GHz) (GHz) Time (hr) (µJy)
80.10 6.0 3.976−7.896 1.5 37.4±4.2
112.04 5.0 3.796−5.896 1.5 69.7±7.5
112.04 7.0 5.976−7.896 1.5 57.7±4.7
115.05 2.6 2.088−2.984 0.57 82.3±20.7
115.05 3.4 2.888−3.784 0.57 95.8±11.0
115.05 9.0 7.976−9.896 0.69 56.4±10.4
115.05 11.0 9.976−11.896 0.69 52.5±10.1
115.05 13.0 11.976−13.896 1.59 42.3±5.7
115.05 15.0 13.976−15.896 1.59 45.2±7.0
115.05 17.0 15.976−17.896 1.59 44.0±7.9
162.89 2.6 2.088−3.016 0.58 104.5±22.3
162.89 3.4 3.016−3.912 0.58 91.2±17.4
162.89 5.0 4.000−6.000 0.70 80.8±12.5
162.89 7.0 6.000−8.000 0.70 61.1±7.3
162.89 9.0 8.000−10.000 0.70 55±9.9
162.89 11.0 10.000−12.000 0.70 34.4±10.
162.89 13.0 12.000−14.000 1.84 41.7±6.3
162.89 15.0 14.000−16.000 1.84 38.9±7.2
162.89 17.0 16.000−18.000 1.84 43.5±7.7
18408601; Margutti et al. 2017; Margutti et al. 2017b; Hag-
gard et al. 2017; Troja et al. 2017a). The CXO started observ-
ing GW170817 on 2017 December 3.07UT (107.5 d since
merger, ID 20860) for 74.1 ks. An X-ray source is clearly
detected at the location of GW170817 with significance of
33.4σ and net count-rate (1.47 ± 0.14) × 10−3 cs−1 (0.5-8
keV). The CXO observed the field for an additional 24.7 ks
starting on 2017 December 6.45UT (110.9 d since merger,
ID 20861). The X-ray source is still detected with a signifi-
cance of ∼ 15.0σ and net count-rate of (1.41± 0.24)× 10−3
(0.5-8 keV). The joint spectrum can be fit with an absorbed
power-law spectral model with photon index Γ = 1.62±0.16
(1 sigma c.l.), consistent with the results from Ruan et al.
(2017). We find no evidence for intrinsic neutral hydrogen
absorption and constrain NHint < 0.7× 1022 cm−2 (3σ c.l.).
These properties are consistent with the X-ray spectral prop-
erties of GW170817 at t ≤ 15 days. The 0.3-10 keV inferred
flux range is (2.0−2.5)×10−14 ergs−1cm−2, (unabsorbed flux
of (2.2 − 2.8)× 10−14 ergs−1cm−2). This result indicates sub-
stantial brightening of the X-ray source during the last∼ 95 d
with no measurable spectral evolution (Fig. 1).
Further CXO observations have been obtained between
2018 January 17 and 28, 153.4-163.8 d since merger (PI
Wilkes, observation IDs 20936, 20937, 20938, 20939,
20945; Program 19408607, total exposure time of 104.8 ks).
GW170817 is detected with high confidence in each observa-
tion. The total source count-rate is 157.1±12.7 (0.5-8 keV),
corresponding to (1.50± 0.12)× 10−3 cs−1. We do not find
evidence for statistically significant spectral evolution during
the entire observation. We also do not find evidence for statis-
tically significant temporal variability of the source during the
observation. The joint spectrum can be fit with an absorbed
power-law spectral model with photon index Γ = 1.61±0.17
and NHint < 1.0× 1022 cm−2 (3σ c.l.). These results are
broadly consistent with the preliminary analysis by Troja &
Piro (2018) and Haggard et al. (2018). The corresponding 0.3-
10 keV observed flux range is (2.2−2.7)×10−14 ergs−1cm−2,
while the unabsorbed flux is (2.4 − 2.9)× 10−14 ergs−1cm−2.
This result indicates that the source did not experience sig-
nificant temporal and spectral evolution between ∼ 100 d
and ∼ 150 d since merger. Our findings do not support the
claim of declining emission from GW170817 by D’Avanzo
et al. (2018), but suggest that the non-thermal emission from
GW170817 is now close to its peak.
2.2. HST Observations
We obtained 1 orbit of Hubble Space Telescope (HST) ob-
servations of GW170817 on 1 January 2018 (137 d since
merger) using the Advanced Camera for Surveys (ACS) with
the F606W filter (PID: 15329; PI: Berger). We produced
a drizzled image corrected for optical distortion using the
astrodrizzle task in the drizzlepac software pack-
age provided by STScI. We detect a faint source at the location
of the optical counterpart of GW170817, confirmed by rela-
tive astrometry with our ACS/F625W image from 27 August
2017 (Cowperthwaite et al. 2017). To measure the flux of the
source we first subtract a model of the galaxy surface bright-
ness profile determined using GALFIT v3.0.5 (Peng et al.
2010). Using aperture photometry and the ACS/F606W ze-
ropoint provided by the HST team, we find an observed AB
magnitude of 26.90± 0.25 mag. Correcting for Galactic ex-
tinction with E(B −V ) = 0.105 mag (Schlafly & Finkbeiner
2011), the extinction corrected AB magnitude is 26.60±0.25
mag. As a comparison, at 110 d since merger, Lyman et al.
(2018) find m = 26.44±0.14 mag.
2.3. VLA Observations
Our radio observations of GW170817 from 0.5−39 d since
merger have been reported in Alexander et al. (2017). We
continued observing GW170817 with the Karl J. Jansky Very
Large Array (VLA) under program 17A-231 (PI: Alexander),
obtaining observations on 5 November 2017 (δt ∼ 80 d since
merger) at a mean frequency of 6 GHz (C band), using a band-
width of 4 GHz. These new observations were taken in the
VLA’s B configuration. We analyzed and imaged the VLA
data using standard CASA routines (McMullin et al. 2007),
using 3C286 as the flux calibrator and J1258−2219 as the
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phase calibrator. We fit the flux density and position of the
emission using the imtool program within the pwkit package
(Williams et al. 2017). We clearly detect the source with a flux
density of 37± 4 µJy. The in-band spectral index is poorly
constrained, but is clearly optically thin (Table 2).
We obtained further multi-frequency VLA observations un-
der the same program on 7 December 2017 (C band) and un-
der program 17B-425 (PI: Alexander) on 10 December 2010
(S, X, and Ku bands, spanning the frequency range 2–18
GHz). New observations spanning 2-18 GHz (S, C, X, and
Ku bands) were obtained under program 17B-425 on 27 Jan-
uary 2018. We reduced the data using the same procedure
outlined above and cross-checked our results against the au-
tomated CASA-based VLA pipeline. The flux densities ob-
tained with each method are fully consistent to within the er-
ror bars at all frequencies; we choose to report the pipeline
flux densities here because the images have slightly lower rms
noise. GW170817 is clearly detected at all radio frequencies
and has continued to brighten, enabling us to split the data
into narrower frequency bandwidths for imaging. At S band,
we divided the data into two 1 GHz subbands, although the ef-
fective bandwidth of each after flagging is closer to 750 MHz
due to RFI. At higher frequencies, we split the data into 2-
GHz bandwidth. We report the measured flux densities in Ta-
ble 2. As before, uncertainties were calculated using the im-
tool package and represent the uncertainty on a point source
fit. The December measurements clearly indicate an optically
thin spectrum with spectral index βR = 0.47±0.08. This value
is consistent with the X-ray spectral index βX = 0.62± 0.16
(Γ = β + 1) obtained a few days before (Sec. 2.1). The lat-
est VLA observations in January are also optically thin with
βR = 0.55± 0.10, in good agreement with the CXO spectral
index βX = 0.621±0.17 around the same time.
2.4. Joint X-Ray and Radio analysis
A joint spectral fit of radio data obtained at δt ∼ 111−114
d and X-ray data obtained around δt ≈ 109 d with a simple
power-law model Fν ∝ ν−βXR constrains βXR = 0.588±0.005.
This value is consistent with the spectral indexes βX and βR
derived from individual fits within the X-ray and radio bands
(Sec. 2.1,2.3), and shows that at t ≈ 110 d the broad-band
X-ray to radio emission from GW170817 originates from the
same non-thermal spectral component.
To refine our measurement of the X-ray to radio spectral
slope βXR at ∼ 110 d we account for the (mild) temporal evo-
lution of the afterglow flux adopting the iterative procedure
that follows. We initially assume a fiducial spectral index
value βi = 0.60, which is used to construct a “master” radio
light-curve of GW170817 at a given frequency using the en-
tire set of radio observations available at all frequencies. Ra-
dio data have been compiled from Alexander et al. (2017),
Hallinan et al. (2017), Kim et al. (2017) and Mooley et al.
(2017). We fit the master radio light-curve with a power-law
model Fν ∝ tα. The best-fitting α is then used to renormalize
the flux densities measured at δt = 111− 114 d to a common
epoch of 109 d since merger (to match the time of CXO ob-
servations). Finally, we estimate β f from a joint fit of the
broad-band radio-to-X-ray spectrum at 109 d. This procedure
is repeated until convergence (i.e. β f = β f within error bars).
We find βXR = 0.585±0.005 and α = 0.73±0.04 (Fig. 1). As
a comparison, from the analysis of radio data alone at t < 93
d Mooley et al. 2017 infer βR = 0.61± 0.05, consistent with
our results. Our measurement of the spectral slope benefits
from the significantly larger baseline of eight orders of mag-
nitude in frequency, and is consequently more precise. We
plot in Fig. 1 the HST measurement obtained by Lyman et al.
(2018) at 110 d. This comparison shows a remarkable agree-
ment with our bestfitting SED and demonstrates that at 110 d
since merger the optical emission from GW170817 is of non-
thermal origin and originates from the afterglow.
The X-ray and radio light-curves suggest that GW170817
might be now approaching its peak of non-thermal emission.
From a fit of the radio-to-X-ray SED at∼ 160 d we find βXR =
0.584±0.006, consistent with the value at 110 d.
We compile in Fig. 1 the radio-to-X-ray SEDs of
GW170817 at 15 d and 9 d (orange and blue symbols). At
these epochs the thermal emission from the radioactive de-
cay of freshly synthesized heavy elements (i.e. the kilonova)
dominates the UV-optical-NIR bands. Fig. 1 shows that a re-
scaled version of the βXR = 0.585 spectrum that best-fits the
110 d epoch adequately reproduces the X-ray and radio emis-
sion from GW170817 at all times. Interestingly, the extrapo-
lation of the X-ray flux density at 9 d with a ∝ ν−0.6 spectrum
matches the 6 GHz measurement reported by Hallinan et al.
(2017) as a potential — but possibly spurious — detection,
suggesting that the 6 GHz measurement is in fact a real detec-
tion (and the earliest radio detection of GW170817).
Based on these results we conclude that the non-thermal
emission from GW experienced negligible spectral evolution
across the electromagnetic spectrum in the last ∼ 150 d, and
that the radio and X-ray radiation from GW170817 continue
to represent the same non-thermal emission component. This
component of emission is now approaching its peak.
3. INTERPRETATION AND DISCUSSION
3.1. A synchrotron spectrum from particles accelerated by
shocks with Γ≈ 3−10
The simple power-law spectrum extending over eight orders
of magnitude in frequency indicates that radio and X-ray ra-
diation are part of the same non-thermal emission component,
which we identify as synchrotron emission. At all times of our
monitoring the synchrotron cooling frequency νc is above the
X-ray band, νm is below the radio band and the observed radio
and X-ray emission is on the Fν ∝ ν−(p−1)/2 spectral segment,
where p is the index of the non-thermal electrons accelerated
into a power-law distribution Ne(γ) ∝ γ−p at the shock front.
From our best-fitting βXR, we infer p = 2.17±0.01.
The precise measurement of the power-law slope p (ul-
timately enabled by the very simple spectral shape) allows
us to test with unprecedented accuracy the predictions of the
Fermi process for particle acceleration in relativistic shocks.
The power-law index in trans-relativistic shocks will lie in
between the value p = 2 expected at non-relativistic shock
speeds (Bell 1978; Blandford & Ostriker 1978; Blandford
& Eichler 1987) and p ' 2.22 at ultra-relativistic velocities
(Kirk et al. 2000; Achterberg et al. 2001; Keshet & Waxman
2005; Sironi et al. 2013). From Keshet & Waxman (2005),
we estimate that the measured p = 2.17±0.01 implies a shock
Lorentz factor of Γ∼ 5 at 110 d (the 3σ c.l. is Γ∼ 3−10). The
straightforward implication is then that we are seeing electron
acceleration in trans-relativistic shocks in action.10
10 We remark, though, that a power-law electron spectrum with slope
p might not necessarily result in the canonical radiation spectrum Fν ∝
ν−(p−1)/2, if one of the following conditions are met: (i) the radiative signature
has an appreciable contribution from electrons that cool in the precursor, i.e.,
upstream of the shock front, which has the effect of hardening the observed
spectrum (Sironi & Spitkovsky 2009; Zakine & Lemoine 2017); or (ii) the
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FIG. 1.— Evolution of the broad-band radio-to-X-ray SED of GW170817
from 9 d until 160 d since merger. The radio and X-ray data are dominated by
non-thermal synchrotron emission from the GW170817 afterglow at all times
and consistently track each other on a Fν ∝ ν−0.6 spectral power-law seg-
ment. At early times t ≤ 15 d the optical-NIR is dominated by radioactively
powered emission from the KN. By day 110 the KN component has faded
away and the detected optical-NIR emission is dominated by the Fν ∝ ν−0.6
afterglow radiation. Filled circles: CXO data. Filled squares: VLA. Note
that while Hallinan et al. (2017) consider their 6 GHz measurement at ∼ 10
days only as a potential detection, here we show that it does naturally lie on
the∝ ν−0.6 extrapolation of the X-ray data, which suggests that this is in fact
a real detection (and the earliest radio detection of GW170817). Filled dia-
monds at 15 and 9 d: optical-NIR data from Villar et al. (2017). For day 9 we
show the actual data from Tanvir et al. (2017); Soares-Santos et al. (2017);
Cowperthwaite et al. (2017); Kasliwal et al. (2017), while for day 15 we show
the extrapolated values from the best fitting model from Villar et al. (2017).
Black dashed line: Fν ∝ ν−βXR afterglow component with βXR = 0.6 that best
fits the observations at 110 d and 160 d. Dashed red and blue lines: same af-
terglow model renormalized to match the observed flux level at 15 d and 9d.
Dotted line: best fitting KN component. The SED at 15 d and 9 d have been
rescaled for displaying purposes. The HST observations from Lyman et al.
(2018) obtained at 110 d (filled diamonds) are shown here for comparison but
have not been used in our fits.
As the non-thermal spectrum of GW170817 showed neg-
ligible evolution (Fig. 1), a similar line of reasoning applies
to the previous epochs at t ≤ 15 d, from which we conclude
that the observed non-thermal radiation from GW170817 at
t < 115 d is always dominated by emission from material with
relatively small Γ∼ 3−10.
These findings are consistent with the picture favored by
magnetic field self-generated by the shock is not uniform in the post-shock
region, but decays away from the shock (e.g., Spitkovsky 2008; Chang et al.
2008; Keshet et al. 2009; Martins et al. 2009; Haugbølle 2011; Sironi et al.
2013). In this case, the observed synchrotron spectrum encodes important
information on the decay profile of the turbulent post-shock fields (Rossi &
Rees 2003; Lemoine 2013; Lemoine et al. 2013).
Mooley et al. (2017) (see also Salafia et al. 2017; Kasli-
wal et al. 2017; Hallinan et al. 2017; Nakar & Piran 2018)
of emission from a quasi-isotropic mildly relativistic fireball
with stratified ejecta and no surviving ultra-relativistic jet (i.e.
their “choked jet cocoon" scenario), but do not represent a
unique prediction from this model as we detail below (see also
Nakar & Piran 2018 for an independent study that reached
a similar conclusion). A value Γ ∼ 3 − 10 is significantly
smaller than the initial Γ ∼ a few 100 inferred for the lu-
minous SGRBs, which are powered by ultra-relativistic jets
seen on axis (which have consistently larger inferred values
of p Fong et al. 2015). However, one expects that even a
blast wave with large energy Ek,iso ∼ 1052 erg propagating in
a low density medium with n ∼ 10−4 − 10−5 cm−3 will have
decelerated to Γ ∼ 4 − 5 by ∼ 110 d since merger, i.e., the
shock is mildly relativistic, in excellent agreement with the
estimate above based on the physics of particle acceleration at
shocks. Current observations are thus also consistent with a
scenario where the BNS merger successfully launched an out-
flow with a collimated ultra-relativistic core (initially point-
ing away from our line of sight) and less collimated mildly-
relativistic wings that dominate the early emission (i.e. the
“successful structured jet" model of Sec. 3.3; Jin et al. 2017;
Kathirgamaraju et al. 2018; Lamb & Kobayashi 2017; Lazzati
et al. 2017c; Murguia-Berthier et al. 2017a; Troja et al. 2017b,
2018; D’Avanzo et al. 2018). In this latter scenario the emis-
sion that we observe is also always dominated by radiation
from ejecta with relatively small Γ at all times.
We conclude that the observed optically-thin non-thermal
spectrum clearly identifies the nature of the emission as syn-
chrotron radiation from a population of electrons accelerated
at trans-relativistic shocks with Γ ∼ 3 − 10. This property,
however, is common to both successful structured-jet scenar-
ios and choked-jet scenarios and does not identify the nature
of the relativistic ejecta.
3.2. Off-Axis Relativistic Top-Hat Jets
The late onset of the X-ray and radio emission of
GW170817 rules out relativistic jets with properties similar
to those of SGRBs seen on-axis (Alexander et al. 2017; Hag-
gard et al. 2017; Hallinan et al. 2017; Kasliwal et al. 2017;
Margutti et al. 2017a; Troja et al. 2017b; Mooley et al. 2017;
Ruan et al. 2017; Granot et al. 2017; Fraija et al. 2017). Rel-
ativistic jets originally pointing away from our line of sight
can instead produce rising X-ray and radio emission as they
decelerate into the ambient medium (see e.g. Granot et al.
2002).
We first consider top-hat relativistic jets, i.e. jets character-
ized by a uniform angular distribution of the Lorentz factor
within the jet Γ(θ). This is the simplest jet model and likely
an over simplification of real jets in BNS mergers (e.g. Aloy
et al. 2005; Duffell et al. 2015; Lazzati et al. 2017b; Gottlieb
et al. 2018; Kathirgamaraju et al. 2018). The simple top-hat
jet model is expected to capture the overall behavior of the ob-
served synchrotron emission from relativistic electrons at the
shock fronts only after the core of the jet enters into our line
of sight, leading to a peak of emission. Before peak, top-hat
jets will underpredict the observed emission when compared
to structured jets with similar core (Sec. 3.3), i.e. jets with
with non-zero Γ(θ) in higher-latitude ejecta at θ > θ j.
Figure 2 shows an update of our modeling of GW170817
with top-hat jets following the same procedure as in Alexan-
der et al. (2017); Margutti et al. (2017a); Guidorzi et al. (2017)
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FIG. 2.— Best-fitting top-hat off-axis jet models with θ j = 5◦ (upper panel)
and θ j = 15◦ (lower panel) for p = 2.1. These models fail to reproduce ob-
servations at early times and do not naturally account for the still-rising light-
curve, which is a potential signature of structure Γ(θ) in the jet, with an ultra-
relativistic core still out of our line of sight. This is explored and quantified
in Sec. 3.3.
with BOXFIT (van Eerten et al. 2012). We show two rep-
resentative models for two jet opening angles. Within the
top-hat scenario, the most successful models share a prefer-
ence for low densities n∼ 10−4 cm3 and large energies Ek,iso ∼
1052 erg, with off-axis angles θobs ∼ 15◦ −25◦. As these plots
demonstrate, top-hat jets viewed off-axis fail to reproduce the
larger X-ray and radio luminosities of GW170817 at early
times t . 25 days and do not naturally account for the mild
but steady rise of the non-thermal emission from GW170817.
This is expected if the jet in GW170817 has similar core prop-
erties as the uniform jets that we are considering here but with
Γ(θ > θ j)> 0 (i.e. a structured jet) and the core of the jet has
yet to enter into our line of sight (Sec. 3.3). The X-rays sug-
gest that GW170817 is reaching its peak of emission, which,
in this scenario, would imply that the emission from the core
of the jet is now close to entering our line of sight.
In summary, the failure of the simple top-hat jets motivates
the exploration of more realistic structured jets models in Sec.
3.3 and should not be interpreted as evidence to discard the
notion that GW170817 harbored a fully relativistic outflow
directed away from our line of sight.
3.3. Successful Off-Axis Relativistic Structured Jets
Deviation from the simple top-hat jet picture is naturally
expected as the relativistic jet has to propagate through the
BNS merger immediate environment (e.g. Aloy et al. 2005;
Murguia-Berthier et al. 2014; Duffell et al. 2015; Murguia-
Berthier et al. 2017b; Lazzati et al. 2017b,a; Kathirgamaraju
et al. 2018; Gottlieb et al. 2018), polluted with ∼ 0.01M
of neutron-rich material that was ejected during the merger
(the same material produces the radioactively powered KN,
e.g. Metzger 2017). Here we consider the scenario where the
fully relativistic collimated outflow successfully survived the
interaction with the BNS merger ejecta and we refer to this
model as successful off-axis relativistic structured jet. In this
model the outflow has Γ≡ Γ(θ) and Ek,iso ≡ Ek,iso(θ).
This scenario is clearly different from choked-jets, pure-
cocoon models and spherical models (favored by Gottlieb
et al. 2017; Hallinan et al. 2017; Kasliwal et al. 2017; Mooley
et al. 2017; Salafia et al. 2017; Nakar & Piran 2018) where
no collimated ultra-relativistic outflow (even when there) sur-
vived the interaction with the BNS ejecta. This is clear from
Fig. 3, where we show the Ek structure of the two types of
outflows. The two classes of models have important implica-
tions for the nature of GW170817. As the emission from the
slower jet wings is subdominant at all times when seen on-
axis, GW170817 would be consistent with being a canonical
SGRB seen from the side, if indeed powered by a success-
ful off-axis structured relativistic jet. GW170817 would be
instead a subluminous event and intrinsically different from
the population of known SGRBs in the choked-jets and pure-
cocoon models. From Fig. 3 it is also clear that quasi-
spherical outflows require significantly larger amounts of en-
ergy coupled to slow material with Γ ∼ 1 (& 1051 erg for the
“fast model" from Mooley et al. 2017). The quasi-spherical
outflows in these models are powered by energy deposited by
failed jets. However, observed successful jets in SGRBs have
≤ 3×1050 erg (shaded region in Fig. 3). The two notions can
be reconciled only if the most energetic jets never manage to
break out, which we find contrived.
Structured off-axis jets have been specifically discussed in
the context of GW170817 by Guidorzi et al. 2017; Kathirga-
maraju et al. 2018; Lamb & Kobayashi 2017; Lazzati et al.
2017c; Murguia-Berthier et al. 2017a; Troja et al. 2017b; Ly-
man et al. 2018; D’Avanzo et al. 2018; Troja et al. 2018; Got-
tlieb et al. 2017; Hallinan et al. 2017; Kasliwal et al. 2017;
Mooley et al. 2017; Nakar & Piran 2018. These jets typically
have large Ek,iso(θ) and Γ(θ) close to the axis of the jet, that de-
crease for larger angles, resulting in a jet with a narrow, ultra-
relativistic core and a wider, mildly relativistic sheath. For
off-axis observers, the afterglow is initially dominated by the
less collimated emission from the mildly relativistic wings11
(which would be also responsible for the detected γ-ray emis-
sion). As time progresses, the jet decelerates, beaming effects
become less pronounced and the observer will gradually see
the more-luminous, initially ultra-relativistic jet core.
We use the moving-mesh relativistic hydrodynamics JET
code (Duffell & MacFadyen 2013) to simulate the dynamics
of explosive outflows launched in neutron star ejecta clouds
using an engine model (Duffell et al. 2015) and density struc-
ture similar to Kasliwal et al. (2017); Gottlieb et al. (2017).
11 This component of emission is missing in top-hat jets, which, as a con-
sequence, show a characteristic ∝ t2 rise and underpredict the early time
observations as shown in Fig. 2.
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FIG. 3.— Kinetic energy structure of the ejecta of GW170817 for quasi-spherical outflows from Mooley et al. (2017) (grey lines) and for the structured jet
that we present here (red line). Orange filled dots: kinetic energy of the red, purple and blue kilonova component associated to GW170817 as derived by Villar
et al. (2017). Blue lines: SGRBs. For the SGRB slow ejecta we report a representative limit derived from the analysis of very late-time radio observations from
Fong et al. (2016), while the shaded area mark the beaming-corrected Ek of the jet component in SGRBs as derived by Fong et al. (2015) for B = 0.1 (note that
smaller values of B would lead to Ek that would extend to larger values, see e.g. Fong et al. 2015, their Fig. 7). This plot highlights the difference between
quasi-spherical outflows (which lack an ultra-relativistic component and require a large amount of energy to be coupled to slowly moving ejecta Γ < 2) and
structured ultra-relativistic outflows (which have properties consistent with SGRBs and can be energetically less demanding). The peak time of the non-thermal
light-curve of GW170817 will constrain the minimum Γβ of the ejecta in quasi-spherical models.
We then compute synchrotron light curves from the simula-
tion data using standard synchrotron radiation models (Sari
et al. 1998). We show in Fig. 4 the results for two represen-
tative sets of jet-environment parameters that successfully ac-
count for current observations across the spectrum (a full de-
scription of the jet simulations will be presented in Xie et al.,
in prep.). Specifically, the jet has a narrow ultra-relativistic
core of θc ∼ 9◦ with Γ ∼ 100 surrounded by a mildly rel-
ativistic sheath with Γ ∼ 10 at 10◦ . θ . 60◦ (see inset of
Fig. 4) and propagates in a low-density environments with
n = 10−5 − 10−4 cm−3. At t ∼ 100 s, the energy in the ultra-
relativistic core is ∼ 4.4× 1050 erg while the sheath carries
∼ 1.4×1050 erg (see Xie at al for details). The observer is lo-
cated at θobs ∼ 17−20◦ from the jet axis. We adopt e = 0.02
(e = 0.1), B = 0.001 (B = 0.0005) with p = 2.16, within the
range of our inferred values (Sec. 3.1) for the n = 10−4 cm−3
(n = 10−5 cm−3) simulation.
Our model predicts an observed broad-band optically thin
synchrotron spectrum that extends from the radio to the X-ray
band on a Fν ∝ ν−(p−1)/2 spectral segment, from the time of
our first observations at t ∼ 10 d until now (at the low den-
sities n ∼ 10−5 − 10−4 cm−3 favored by our modeling νc is not
expected to cross the X-ray band at t < 104 d, see Fig. 4,
upper panel). These findings are consistent with the indepen-
dent results by Lazzati et al. (2017c) and Lyman et al. (2018),
and demonstrate that the persistent optically-thin non-thermal
spectrum Fν ∝ ν−0.585 that characterizes GW170817 is not a
unique prediction of choked-jets and/or pure-cocoon models.
Instead it is a natural expectation from fully-relativistic struc-
tured outflows with properties similar to those of SGRBs but
viewed from the side. Together with the very similar flux tem-
poral evolution (see Fig. 5-6), this makes these two classes of
models virtually impossible to distinguish based on current
observations.
We compare the results from our simulations to those pre-
sented by Lazzati et al. (2017c) in Fig. 5-6. The major differ-
ence is the flux evolution at t ≥ 200 d, with the Lazzati et al.
(2017c) models steadily rising until t ∼ 600 d after merger. As
the microphysics parameters (B = 0.002, e = 0.02, p = 2.13)
and observing angle (θobs = 21◦) are very similar to the val-
ues of one of our simulations, the different behavior can be
ascribed to the combination of possibly different assumptions
in the code and a narrower ultra-relativistic core, as shown
in the inset of Fig. 4 (which effectively places the observer
more off-axis) more slowly decelerating into a lower density
environment (n ∼ 10−5 cm−3 vs. n ∼ 10−4 cm−3). In general,
outflows with a fully-relativistic core with isotropic energy
∼ 1052 erg, propagating into environments with n≤ 10−5 cm−3
and viewed ∼ 20◦ off-axis will reach a peak at tp ≥ 600 days
(tp ∼ 2.1E1/3k,iso,52 n−1/3 ((θobs − θ j)/10◦)8/3 days, e.g. Granot &
Sari 2002).
Gottlieb et al. (2017); Hallinan et al. (2017); Kasliwal et al.
(2017); Mooley et al. (2017); Nakar & Piran (2018) disfa-
vor the structured off-axis model based on circumstantial ev-
idence related to the energetics of the relativistic core needed
to power GW170817 compared to SGRBs. We emphasize
that these authors do not rule out structured off-axis jets in
GW170817 but consider this possibility unlikely based on
the large Ek,iso ≥ 1052 erg required. We show in Fig. 3 the
comparison of the kinetic energies in the different compo-
nents of the outflow of GW170817 from our simulation with
the values inferred for SGRBs from Fong et al. (2015). We
conclude from this plot that the Ek in the ultra-relativistic
ejecta of GW170817 is not unprecedented among SGRBs
(shaded blue area, see also Fong et al. 2015, their Fig. 7)
and that GW170817 is consistent with having harbored a nor-
mal SGRB directed away from our line of sight. The shaded
blue area cover the range of Ek for an assumed B = 0.1. Ek
would extend to larger values for smaller B = 0.01 (e.g. Fong
et al. 2015, their Fig. 7), thus reinforcing our argument. In
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FIG. 4.— Results from our simulation of a successful off-axis relativistic jet with structure Γ(θ) and Eiso(θ) displayed in the insets, propagating into a low-
density environment with n∼ 10−5 −10−4 cm−3 and viewed ∼ 20◦ off-axis. We use p = 2.16 and the microphysical parameters reported in the figure. These two
representative models can adequately reproduce the current set of observations and predict an optically thin synchrotron spectrum at all times, in agreement with
our observations (upper panel). The open blue circle is the XMM X-ray measurement from D’Avanzo et al. (2018). Insets: Eiso(θ) and average Γ(θ) from our
simulations (black solid lines) at t = 100 s, compared to the jet structure from Lazzati et al. (2017c) (grey lines). The jet in our simulation has quasi-gaussian
structure, with Eiso ∝ e−(θ/θc)α and α∼ 1.9, θc ∼ 9◦ (red dashed line). Future observations will be able to constrain the jet-environment parameters.
our model the ultra-relativistic component dominates the en-
ergetics of the outflow.
Some observational tests to distinguish between the suc-
cessful structured jet scenario that we support here and the
choked-jet/stratified ejecta scenarios have been proposed, in-
cluding VLBI imaging and the acquisition of a larger sam-
ple of GW events with electromagnetic counterparts (Hallinan
et al. 2017; Lazzati et al. 2017c; Mooley et al. 2017). Here
we note that if a collimated outflow of fully relativistic mate-
rial survived the interaction with the BNS ejecta, the observed
light-curve will experience two temporal breaks in the future,
which are apparent from Fig. 4 (see also Fig. 6-5): a peak
when radiation from the jet core enters the line of sight at tp
(the flattening of the X-ray and radio light-curves is suggest-
ing that GW170817 is approaching its peak of emission), and
a jet-break when the far edge of the jet comes into view. In the
case of collimated outflows a counter-jet signature is also ex-
pected when the jet transitions into the non-relativistic phase
at tNR ≈ 1100(Ek,iso,53/n)1/3 days. For Ek,iso ≥ 1052 erg and
n ≤ 10−4 cm−3 which are relevant here, tNR ≥ 30 yrs and the
appearance of the counter-jet will create a bump in the light-
curve at a flux level below the sensitivity of current observing
facilities.
3.4. X-rays from the central compact remnant
Another source of potential X-ray emission is that originat-
ing directly from the central compact remnant, as discussed in
detail in (Murase et al. 2017). We first consider an accreting
black hole. The ≈ 2.5M black hole created following the
merger will still be accreting fall-back debris from the merger
event (e.g. Rosswog 2007; Metzger et al. 2010). The accretion
luminosity at the present epoch t can be estimated as
LX,fb = 0.1M˙fbc2≈ 3×1038 ergs−1
(
M˙fb(t = 1s)
10−3M s−1
)( t
120d
)−5/3
,
(1)
where we have assumed that the fall-back accretion rate fol-
lows a ∝ t−5/3 decay with a value at 1 second post merger
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FIG. 5.— Comparison of models that fit current observations of GW170817 at radio frequencies (6 GHz). Red and orange lines: quasi-spherical stratified ejecta
models from Mooley et al. (2017) and cocoon model from Gottlieb et al. (2017) where no ultra-relativistic jetted component survived the interaction with the
BNS ejecta (i.e. no observer in the Universe observed a regular SGRB associated with GW170817). Blue lines: structured jet models from Lazzati et al. (2017c)
(dark blue-line, their best-fitting model) and this work (light-blue lines) where an off-axis ultra-relativistic collimated component is present and contributes to the
emission at some point (i.e. GW170817 is consistent with being an ordinary SGRB viewed off-axis). The parameters of our models are the same as in Fig. 4. At
t ≤ 100 days all the models displayed predict an extremely similar flux evolution (and spectrum), with no hope for current data to distinguish between the two
scenarios. The model by Gottlieb et al. (2017) and the structured jet model by Lazzati et al. (2017c) predict a continued rise of the radio emission until very late
times, and are disfavored by the latest observations at ∼ 160 d, which suggest instead a flattening of the radio light-curve. All off-axis jet models have a similar
θobs ∼ 20◦ and the different late-time evolution is a consequence of the different jet-environment parameters.
FIG. 6.— Comparison of successful models at 1 keV. Same color coding as Fig. 5. For the spherical models by Mooley et al. (2017) and Gottlieb et al. (2017)
we adopt the best fitting spectral index β = 0.61 from Mooley et al. (2017) to convert their best fitting radio models into X-rays. These models underpredict the
observed X-ray flux. This is a clear indication of a flatter spectral index as we find in Sec. 2.3. Using βXR ∼ 0.58 would bring the models to consistency with
the observations. The model by Gottlieb et al. (2017) and the structured jet model by Lazzati et al. (2017c) predict a continued rise of the X-ray emission until
very late times, and are disfavored by the latest observations at ∼ 150 d, which suggest instead a flattening of the X-ray light-curve. Thick gray line: expected
flux from fall-back accretion onto the remnant black hole Fobsfb = Ffbe
−τX for the fiducial parameters of Sec. 3.4.
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FIG. 7.— Red lines: spin-down luminosity for a supramassive NS remnant
with magnetic field B = 1013 − 1016 G. Black squares: GW170817 bolomet-
ric luminosity from Cowperthwaite et al. (2017). Blue filled circles: X-ray
luminosity. The spin-down luminosity is always larger than the bolometric
energy release from GW170817 at early times, which argues against a long-
lived magnetar remnant.
normalized to 10−3M s−1 (a characteristic value, which is
however uncertain by at least an order of magnitude). The
LX,fb estimated above is thus close to the Eddington luminos-
ity LEdd ≈ 3×1038 erg s−1 of the black hole remnant.
The X-ray emission from the central engine is only visi-
ble if not absorbed by the kilonova ejecta along the line of
sight. Given the estimated ejecta mass of& 10−2M and mean
velocity vej ∼ 0.1 − 0.2 c (e.g. Villar et al. 2017 for an up-
dated modeling), the optical depth through the ejecta of ra-
dius R∼ vejt and density ρ∼Mej/(4piR3/3) is approximately
given by
τX'ρRκX
≈1.2
(
κX
103 cm2g−1
)(
Mej
10−2M
)( vej
0.2c
)−2( t
120d
)−2
(2)
where κX ∼ 103 cm2 g−1 is the expected bound-free opacity
of neutral or singly-ionized heavy r-process nuclei at X-ray
energies ∼ a few keV (e.g. Metzger 2017). Thus, depending
on the precise ejecta column along our line of sight, we could
have τX . 1 at the present epoch. Even in the case of negli-
gible opacity to X-ray radiation at the present epoch, LX,fb is
 than the observed X-ray luminosity∼ 5×1039 ergs−1. The
constant radio to X-ray flux ratio over 110 d provides an in-
dependent line of evidence against LX,fb dominating the X-ray
energy release at late times. Figure 6 shows that LX,fb never
dominates the X-ray emission from GW170817.
We now consider the spin-down luminosity from a mag-
netar remnant as potential source of X-ray radiation at late
times. A long-lived magnetar remnant is already disfavored
by the KN emission (e.g. Cowperthwaite et al. 2017; Drout
et al. 2017; Kasliwal et al. 2017; Nicholl et al. 2017; Pian
et al. 2017; Smartt et al. 2017; Tanvir et al. 2017; Villar et al.
2017), particularly the inferred presence of lanthanide-rich
material created from very neutron-rich ejecta (neutrinos from
a long-lived neutron star remnant would transform outflowing
neutrons back into protons; see Metzger & Fernández 2014).
Here we provide an independent argument against the long-
lived magnetar scenario. Fig. 7 shows the spin-down lumi-
nosity Lsd for a supramassive NS remnant (Eq. 32-33 from
Metzger 2017). At ∼ 10 d Lsd greatly exceeds the detected
X-ray luminosity for any reasonable magnetic field strength
B ≤ 1017 G. However, this argument alone cannot be used
to rule out magnetar remnants because at this time τX  1,
thus significantly suppressing the X-ray luminosity that can
escape the system and reach the observer, as we showed in
Margutti et al. (2017a) (see also Eq. 2 above). Pooley et al.
(2017) reached the opposite conclusion, as they did not take
into account the effects of bound-free opacity from the KN
ejecta into their calculations (which, however, is significant).
However, as we show in Fig. 7, the same magnetar engines
would produce luminous optical emission at early times (Met-
zger & Piro 2014) in excess to the observed bolometric lu-
minosity from GW170817 and for this reason are ruled out.
Finally, one can rule out the formation of a long-lived magne-
tar in GW170817 by the large rotational energy & 1052 erg
it would have injected into its environment, either into the
GRB jet or the kilonova ejecta. As a comparison, in classi-
cal SGRBs, long-lived magnetars with rotational energy in the
range & 1051 − 1054 erg are also ruled out (Fong et al. 2016;
Margalit & Metzger 2017).
We conclude that a central engine origin of the detected X-
ray emission is disfavored at all times.
4. SUMMARY AND CONCLUSIONS
Deep Chandra, HST and VLA observations of the BNS
event GW170817 ∼ 100 d after merger show a steadily ris-
ing emission with F ∝ t0.7ν−0.585 across the electromagnetic
spectrum, before flattening at ∼ 160 d without showing any
sign of spectral evolution. These findings rule out simple
models of top-hat jets viewed off-axis (which predict F ∝ t2
before peak) and uniform spherical outflows (which predict
F ∝ t3). We use the very simple power-law spectrum ex-
tending from the X-rays to the radio band to estimate that
the emission is powered by mildly relativistic material with
Γ ∼ 3 − 10. This estimate is solely based on the theory of
particle acceleration at shocks (and does not depend on other
details of GW170817).
Models of GW170817 where no ultra-relativistic colli-
mated component survives and the outflow is powered by
mildly relativistic stratified ejecta (like those favored by Moo-
ley et al. 2017) successfully reproduce these observations.12
Here we offer an alternative interpretation. We employ simu-
lations of the explosive outflows launched in NS ejecta clouds
to show that a powerful relativistic core of material can sur-
vive the interaction with the BNS ejecta, producing a suc-
cessful relativistic structured jet (Sec. 3.3). In this case, the
observed emission is also effectively powered by mildly rel-
ativistic ejecta if the ultra-relativistic core is directed away
from our line of sight. In this paper we showed one partic-
ular model (part of a family of successful models) that fits
current observations. A detailed description of the jet simula-
tions using the moving mesh relativistic hydrodynamics code
JET (Duffell & MacFadyen 2013) and light curves will be
presented in Xie at al, in prep.
A key distinction between the two sets of models is that
in the former scenario GW170817 would be intrinsically dif-
ferent from classical SGRBs and the first of a new class of
transients. In the latter scenario GW170817 can be instead
reconciled with an ordinary SGRB viewed from the side (in
12 We note that to reproduce the flattening of the emission within these
models it is necessary to introduce a cut into the velocity distribution of the
ejecta at some minimum Γβ value.
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SGRBs we are not sensitive to the presence of lateral structure
in the jet as the emission is always dominated by the brighter
relativistic core). Distinguishing between these models is of
paramount importance, as it has direct implications on the in-
trinsic nature of GW170817 and the potential existence of a
new class of quasi-spherical transients powered by NS merg-
ers. However, we show here that at the present time the two
sets of models predict very similar flux temporal evolution
and spectrum. Observations at t ≥ 300 days, able to track the
evolution of νc (which evolves much faster ∝ t−2 in spherical
models, e.g. Mooley et al. 2017) and to constrain the presence
of temporal breaks in the flux evolution are the most promis-
ing to discriminate between the two scenarios.
We conclude that current observations do not distinguish
the nature of the relativistic ejecta and cannot be used to rule
out the presence of an off-axis originally ultra-relativistic core
of collimated ejecta in the outflow of GW170817. The exis-
tence of a new class of BNS merger transients is not required
by current observations and GW170817 is consistent with be-
ing a classical SGRB viewed off-axis.
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